Introduction {#sec1-1}
============

Tumor cells, like other cells, are strictly dependent on an adequate supply of energy for their growth and survival. For a tumor to produce two daughter cells several anabolic processes are involved, all costly in term of energy, such as synthesis of nucleic acids, proteins, lipids. With regard to energy production, it is well established that tumor cells not only survive but thrive by increasing the rate of their cellular processes such as proliferation, migration and invasion as a results of selection of a particular metabolic pathways that are suitable for their needs to generate enough ATP and other metabolites even when underfed or hypoxic condition, a condition that is harmful to normal cells (Amoedo et al., 2013).

During the transition from normal to cancer cells, energy metabolism is the most affected processes, particularly glucose metabolism. In normal cells, glucose enters the cells via glucose transporters proteins (GLUTs). Once inside the cells, glucose is oxidized to pyruvate via a series of ten enzymatic steps (glycolysis). Pyruvate in the presence of O~2~ is further oxidized to CO~2~ and H~2~O in the mitochondria via TCA cycle, generating high energy molecules such as NADPH, FADH2 which are reduced in the inner mitochondria and creating energy in the form of ATP (Ward and Thompson, 2012). Typically 36/38 molecules of ATP are generated per molecule of glucose oxidized. Alternatively, in the absence of oxygen, pyruvate is converted into lactic acid via lactate dehydrogenase (anaerobic glycolysis) which is then transported to the liver via the Cori Cycle (Cox and Nelson, 2013).

In contrast to normal cells, tumor cells consume a large amount of glucose, maintain a much higher rate of glucose and convert majority of glucose to pyruvate even in the presence of oxygen, a phenomenon term as "aerobic glycolysis" or "Warburg Effect" as shown in [Figure 1](#F1){ref-type="fig"} (Koppenol et al., 2011). This increased aerobic glycolysis is considered as one of the hallmarks of cancer (Yeung, 2008), the other hallmarks being limitless replicative potential, self-sufficiency in growth signals, evading apoptosis, insensitivity to antigrowth signals, sustained angiogenesis, and tissue invasion and metastasis (Hanahan and Weinberg, 2000).

![Utilizations of Glucose by Normal and Cancer Cell (The Warburg Effect)](APJCP-19-2377-g001){#F1}

Unlike normal cells, tumor cells preferentially used aerobic glycolysis over oxidative phosphorylation for glucose-dependent ATP production due to mitochondrial impairments (Zheng, 2012). Aerobic glycolysis yields 2 ATP whereas with mitochondria yields 36/38 ATP. Cancer cells have to compensate for this lower energy production to maintain their growth; part of this solution is to up-regulate glucose transporters as well as glycolytic enzymes (Phan et al., 2014). In fact, increase consumption of glucose by cancer cells has been well documented by using 18F-fluorodeoxyglucose (FDG-glucose) an analog of glucose (Burt et al., 2001). Once inside the cell, FDG-glucose is phosphorylated to FDG-glucose-6-phosphate by hexokinase but since 3'--OH group is occupied, it cannot be further oxidized as a result it accumulates and can be visualized by Positron Emission Tomography (PET) scan. This provides anatomical information about glucose intake on PET image (Dang, 2010; Palaskas et al., 2011). In addition, tumors remarkably elevated the expression of the majority of glycolytic enzymes in an insufficient p53-mediated control (Phan et al., 2014). Major oncogenes such as Ras, Myc, and HIF-1α are reported to be master inducers of cancer glycolysis through direct or indirect transactivation of cancer glycolytic genes, which is elaborated in [Figure 2](#F2){ref-type="fig"}.

![Altered Signaling Pathways and Their Contributions to the Warburg Effect in Cancer Glucose Metabolism. Up or -down arrows indicate an increase or decrease in activity, respectively.](APJCP-19-2377-g002){#F2}

Dysregulation of glucose metabolism in cancer cells by oncogenes and tumor suppressors {#sec2-1}
--------------------------------------------------------------------------------------

It has been long proposed that altered expression or activities of glycolytic enzymes are regulated by oncogenes (i.e. the mutated version of proto-oncogenes) and tumor suppressor genes (DeBerardinis, 2008). Proto-oncogenes are groups of genes that encode proteins that are involved in cell division, cell differentiation, apoptosis and many another biological processes that are crucial for normal human development (Lodish et al., 2000). Mutation is the root cause of cancer and the mutated version of proto-oncogenes is called oncogenes. Various mutations that lead to inactivation of tumor suppressors and conversion of proto-oncogenes to oncogenes include point mutations, deletions, insertions, gene amplification, chromosomal translocations, DNA rearrangements (Lodish et al., 2000). Hyper-activation of oncogene leads to increased expression of their encoded proteins. In fact, many glycolytic enzymes are upregulated in tumors because of elevated HIF-1α and c-Myc transcriptional activity and insufficient p53-mediated control, which in turn altered the growth signaling pathways thus leading to uncontrolled cell division, inhibit apoptosis; altogether, drives cancer progression as summarized in [Figure 2](#F2){ref-type="fig"}.

The PI3K/AKT/mTOR pathway reprograms glucose metabolism to fuel cell growth {#sec2-2}
---------------------------------------------------------------------------

In a higher organism, cells are exposed to a constant supply of nutrients. Therefore, a control system is required to prevent unwanted uptake of glucose because cells do not take glucose from the surrounding environment based on needs but based on instructions from growth factors through receptor tyrosine kinases (RTKs) (Ward and Thompson, 2012). Normal cells upon stimulation by growth factors activates PI3K and its downstream pathway AKT and mTOR, thereby promoting robust anabolic program involving increase glycolytic flux and FA synthesis that support cellular processes such as proliferation, growth, apoptosis and cytoskeleton rearrangement (Luo et al., 2010). In human cancer, this pathway is one of the most active and frequently altered growth signaling pathways, which not only provides a strong growth signal but also has a huge impact on glucose metabolism, the so-called "glucose addiction"(Long and Zierath, 2006). Aberrant activation of this pathway drives tumor progression independence on extrinsic growth factor stimulation (the hallmark of cancer) (Li et al., 2015). This is achieved through mutations in tumor suppressor genes, such as PTEN, mutations in the components of the PI3K complex itself or by hyperactivation of receptor tyrosine kinases (McCubrey et al., 2012).

The phosphoinositide-3 kinases (PI3K) are the family of lipid kinases that consist of three classes, of which Class I PI3K pathway is mainly associated with oncogenic cellular transformation and cancer (Cantley, 2002; Zhao and Vogt, 2008). Both the catalytic and a regulatory subunit of Class I PI3Ks are encoded by different genes. The catalytic subunit has four isoforms as p110α, p110β, p110γ and p110δ, whereas, the regulatory subunit consist of five different isoforms of p85 (p85α, p85β, p55α, p55γ and p50α). The catalytic subunit can form dimer with any of the five isoforms to generate an active kinase (Geering et al, 2007a; Geering et al, 2007b; Zhao and Vogt, 2008). Upon stimulation by growth factors such as HER2 (Human epidermal growth factor receptor 2), PDGFR (Platelet-derived growth factor receptor), EGFR (Epidermal growth factor receptor), insulin growth like factor 1 receptor (IGF1R), insulin receptor (IR) and G-protein coupled receptors, activates this pathway (Zhao and Vogt, 2008; Wong, 2010). Once activated, the p110 catalytic subunit phosphorylates phosphatidylinositol bisphosphate (PIP2) to generate phosphatidylinositol triphosphate (PIP3) which acts as a second cellular messenger. PIP3 then binds and recruit AKT1 kinase (protein kinase B) to the cell membrane for phosphorylation by phosphoinositide-dependent protein kinase 1 (PDK-1) at threonine 308 and serine 473 by PDK2 (Vivanco and Sawyers, 2002; Xing, 2010). Activated AKT1 stimulates glycolysis by phosphorylating key glycolytic enzymes, such as hexokinase and phosphofructokinase 2 (an allosteric activator of PFK1) (Robey and Hay, 2009). AKT1 also increase the expression and membrane translocation of glucose transporters, this increases the availability of glucose in the cytoplasm for oxidation of glucose to pyruvate (Barthel et al., 1999; Buzzai et al., 2005; DeBerardinis et al., 2007). Finally, AKT1 provide a strong signal toward its downstream element mTOR (mammalian Target of Rapamycin) by phosphorylating and inhibiting its negative regulator tuberous sclerosis 2 (TSC2). Activated mTOR directly stimulate anabolic processes and indirectly stimulated metabolism by activating key transcription factors such as cMyc, cyclin D, and HIF-1α even under normoxic condition (Cantor and Sabatini, 2012). This pathway is antagonized by the tumor suppressor protein (PTEN) which reverses the phosphorylation of PI3K products. Specifically, PTEN dephosphorylates PIP3, preventing Akt1 activation, thereby directly antagonizing the PI3K function and blocking, therefore the activation of downstream signaling events, including PDK1, (Akt) and Akt/mammalian target of rapamycin (mTOR) (Gingras et al., 2001). Loss of PTEN expression, which is often observed in several types of human cancers, specifically in glioblastoma, melanoma, endometrial, and prostate cancers (Hollander et al., 2011), promotes Akt activation which in turn increases glycolysis by promoting HK2 expression, furthermore Akt phosphorylate HK2 which directly interact with the mitochondrial pore to prevent the release of apoptotic proteins (Gottlob et al., 2001; Pastorino et al., 2002; Miyamoto et al., 2008). Recent studies show that silencing and deletion of HK2 in both human and mouse model of PTEN-deficient prostate tumors decrease cancer proliferation and increased cell death (Nogueira et al., 2018). Therefore, HK2 is considered as an attractive target for anticancer agents. In addition; Akt suppresses apoptosis through the activation of FOXO3a and promotes mitochondrial biogenesis to a growing cell to ensure cell survival (Dang, 2012). Thus, hyperactivation of mTOR or its upstream elements and loss of tumor suppressor PTEN induce aerobic glycolysis by direct stimulation of glucose transporter expression and stimulating hexokinase (HKII) and PFK1 activity through AKT, thereby enhance glucose oxidation to pyruvate and together with oncogenic proteins drives tumor progression (Cantor and Sabatini, 2012). Thus, increase and prolonged PI3K signaling pathway results in glucose addiction and promotes a glycolytic switch under normoxic conditions Cantor and Sabatini, (2012) as well as cell survival. Thus, cancer cells turn out to be dependent on aerobic glycolysis for their growth and survival under the AKT-mediated metabolic influence; consequently, activated AKT tumor cells undergo rapid cell death when shifted to low-dose glucose conditions (Elstrom et al., 2004). Small molecule inhibitors known as pan-inhibitor (pan-PI3K and pan-Akt inhibitors) that interfere with the PI3K/Akt signaling pathway have been developed in recent years which are currently being tested in clinical trial. However treatment with pan-inhibitors shows undesirable side effects such as such, hyperglycemia, hyperinsulinemia, and diabetes (Wang et al., 2017) (Nogueira et al., 2018), which indicates that development of selective inhibitors is crucially important.

Hypoxia inducible factor {#sec2-3}
------------------------

Like a normal cell, cancer cells must also adapt during hypoxia in order to maintain tumor growth. Since cancer cells divide rapidly, their proliferative rate will always exceed the rate of new blood vessel formation (Angiogenesis) (Dakubo, 2010). Therefore, all cancer cells, must, at some point experience a hypoxic condition which is coordinated by Hypoxia Inducible Factor 1 (HIF-1). HIF-1 is a heterodimeric transcription factor, composed of two subunits, the HIF-1α (O~2~ sensitive) which is ubiquitously expressed and HIF-1β subunit which is constitutively expressed (Wang et al., 1995). HIF-1α further consists of three isoforms; HIF-1α, HIF- 2α, and HIF-3α and they all possessed an oxygen-dependent degradation domain (ODDD) which is important in mediating O~2~ regulation stability (Bruick and McKnight, 2001). Unlike HIF-3α, HIF-2α shows 48%sequence similarities with HIF-1α and may form hetero-dimerization with HIF-1β and binding with HREs (Masoud and Lin, 2015). Interestingly, HIF-1α and HIF-2α show a different pattern of tissue distributions. HIF-1α is ubiquitously expressed in the body, which is primarily involved in transcriptional activation of many glycolytic genes (Masoud and Lin, 2015) whereas HIF-2α expression is stricter to specific tissues such as endothelial, lung, renal, and hepatic cells and does not involve in glucose metabolism directly, but drives cell cycle progression through the interaction with oncoprotein c-Myc (Ema et al., 1997; Wiesener et al., 2003; Gordan et al., 2007). Recent discovery show that both HIF-1α and HIF-2α are highly expressed in many human tumors (Lv et al., 2017), but HIF-3α is down-regulated in renal cell carcinomas (Maynard et al., 2015). Given the role of HIF-3α, it is not surprising that HIF-3α is down-regulated because of its ability to inhibit the transcriptional activity of HIF-1α (Pasanen et al., 2010), the main isoform which is responsible for activating transcriptional responses under hypoxia (Lv et al., 2017).

Under normoxia, HIF-1α undergo oxygen-dependent hydroxylation at proline residues 402 and 564 (human sequence) by prolylhydroxylases (PHD2) enzyme, resulting in their recognition by von Hippel--Lindau tumor suppressor (VHL), an E3 ubiquitin ligase, for poly-ubiquitylation and subsequent degradation by proteosomes (Hirsila et al., 2003). PHD2 is a Fe (II) and 2-oxoglutarate dependent dioxygenase which has an absolute requirement for molecular oxygen: because of its low affinity for oxygen (Km =250 μM, slightly above air pO2 (Semenza, 2000a). PHD2 is often described as an oxygen sensor. During hypoxia, PHD2 loses its ability to hydroxylate which allow the HIF-1α subunit to escape VHL-mediated destruction and accumulate to high levels. Then, HIF-1α dimerizes with the constitutively present HIF-1β subunit and accumulates in the nucleus. Subsequently, the HIF-1 dimer (i.e. the active complex of HIF-1α and HIF-1β) binds to the hypoxia response element of target genes (Semenza, 2000b; Maxwell and Pugh, 2001; Gordan et al., 2007; Semenza, 2012) resulting in their transcriptional activation. Initiation of transcription further requires the interaction of HIF-1 with the cofactors p300 and the DNA polymerase II complex to bind to hypoxia-responsive elements (HRE) of target genes and modulate genes expression (Porporato et al., 2011) such as those that are involved in the acceleration of glycolysis in response to HIF-1 activity (Semenza, 2000b; Maxwell and Pugh, 2001; Gordan et al., 2007; Semenza, 2010; Semenza, 2012) and those that are involved in vasculogenesis and/or neoangiogenesis (Baeriswyl and Christofori, 2009), such as vascular endothelial growth factor (VEGF), VEGF receptors FLT-1 and FLK, platelet-derived growth factor B (PDGF-B), matrix metalloproteinases (MMP-2 and MMP-9) plasminogen activator inhibitor-1 (PAI-1), the TIE-2 receptor, and angiopoietins (ANG-1 and ANG -2), which are required by tumor cells for growth and development (Hickey and Simon, 2006).

The HIF-1α protein level in a cell is also controlled by oncogenic signaling pathways. Activation of phosphatidylinositol-4, 5-bisphosphate-3-kinase (PI3K) and RAS/RAF/MEK/ERK kinase cascade can upregulate the HIF-1α protein translation (Conrad et al., 1999; Jiang et al., 2001; Semenza, 2002). Activated ERK, a downstream element of the RAS/RAF/MEK/ERK kinase cascade is not only involved in regulation of HIF-1α synthesis but also phosphorylates the co-activator CBP/p300 which further stabilized the binding of the active complex (i.e HIF-1α, HIF-1β and co-activator CBP/300) with RNA polymerase to positively modulates genes expression (Sang et al., 2003).

ROS generated from complexes II and III in the mitochondria also mediates HIF-1α stabilization (Guzy et al., 2005; Guzy et al., 2008; Klimova and Chandel, 2008). Neutralization of ROS is achieved through the oxidation of Fe2+ in the Fenton reaction to Fe3+. However, since Fe2+ and not Fe3+ is a cofactor for the enzyme prolyl hydroxylases (PHD2), therefore, a decreased in Fe2+ will decrease the activity of this enzyme (Dakubo, 2010). As a result of which HIF-1α escape hydroxylation by PHD2 for ubiquitination and degradation, leading to its stabilization and in turn modulate genes expression.

In addition, the TCA cycle metabolites fumarate and succinate and oncometabolite 2-hydroxyglutarate (2-HG) competitively inhibit HIF-1α hydroxylation, leading to the upregulation of HIF-1α (Dakubo, 2010). 2-HG competes with α-KG for the enzyme PHD2 as a result, the enzyme is inactivated which lead to HIF-1α stabilization (Dakubo, 2010). Mutations in several mitochondrial proteins are observed in tumors such as those involved in the TCA cycle enzymes i.e. succinate dehydrogenase and fumarate hydratase, making them unable to process succinate and fumarate as a result, these metabolites accumulate and promote HIF-1α stabilized (Gottlieb and Tomlinson, 2005; Pollard and Ratcliffe, 2009). In certain cases, the HIF-1α subunit is stabilized, even under normoxic conditions through a variety of mechanism including hyperactivation of mTOR, loss of vonHipel, accumulation of ROS and also the accumulation of TCA cycle metabolites such as succinate, fumarate, and 2-hydroxyglutarate (Soga, 2013). All these events have been attributed to a cancer-specific mutation in SDH and FH and IDH (Dakubo, 2010; Soga, 2013).

Hypoxia-Inducible Factor and glycolysis {#sec2-4}
---------------------------------------

HIF-1 positively regulates the transcription of over 100 genes, which involved in glucose metabolism, cell proliferation, migration and angiogenesis (Semenza, 2001). In a rapidly growing tumor tissue, HIF-1 helps hypoxic tumor cells to shift glucose metabolism from the more efficient oxidative phosphorylation to the less efficient glycolytic pathway in order to maintain their energy production (the Warburg effect) (Weinhouse et al., 1956). For this reason, hypoxic cells tend to consume more glucose in order to meet their energy needs (rapid ATP production). HIF-1 mediates this metabolic conversion through the induction of enzymes involved in the glycolysis pathway and over expression of glucose transporters (GLUT1 and GLUT3) which increase glucose import into tumor cells. This increases the availability of glucose within the cytoplasm for energy production (Denko, 2008). HIF-1 then facilitates the conversion of glucose to pyruvate by increasing the expression of glycolytic enzymes such as hexokinase 1/2 (HK I/II), pyruvate kinase M2 (PK-M2) (Levine and Puzio-Kuter, 2010). Besides catalyzing glucose breakdown, HK-II can also bind to mitochondria and interact with a 30 kDa pore protein, Voltage-Dependent Anion Channel (VDAC) that regulates the transport of metabolites in and out of the mitochondrial intermembrane space (Mathupala et al., 2006). The interaction of HK-II with VDAC interferes with the binding of the pro-apoptotic protein Bax to VDAC, thus preventing the formation of the channel through which cytochrome c can escape from mitochondria to trigger apoptosis (Pastorino et al., 2002). Therefore, over-expression of HK-II in cancer cells leads to a switch from HK-I to HK-II and offers a metabolic advantage by protecting cancer cells against apoptosis (the hallmark of cancer).

HIF-1α is also involved in the regulation of Fructose-2,6-bisphosphate (F-2,6-BP) a powerful allosteric regulator for controlling carbon flux through glycolysis by stimulating 6-phosphofructo-1-kinase (PFK1) to catalyzes the phosphorylation of fructose-6-phosphate (F6P) to fructose-1, 6-bisphosphate (Fru-1,6-BP) using MgATP as a phosphoryl donor (Lu et al., 2015). The synthesis and degradation of F-2,6-BP depend upon 6-phosphofructo 2-kinase/fructose-2,6- biphosphatase (PFK-2/F-2,6-BPase), which has both kinase and phosphatase activities. PFK-2/ F-2,6-BPase synthesis can be induced by mitogens, growth factors, and inflammatory cytokines, implicating its role in setting the glycolytic rate under multiple physiologic and pathologic conditions (Chesney et al., 1999). The family comprises four members among which PFKFB1, PFKFB2, and PFKFB4 display equal PFK2 and FBPase activities under basal conditions, whereas PFKFB3 has high PFK2 and almost no FBPase activity (Okarand Lange, 1999; Okar et al., 2001). The expression of PFK-2 genes in tumor cells is shown to be regulated by Ras and src (Yalcin et al., 2009) and that of PFKFB3has been demonstrated to be induced by HIF-1,c-Myc, ras, src, and loss of function of p53 (Minchenko et al., 2003). Among the four PFK-2 genes, PFKFB3 is the most significantly induced in response to hypoxia (Lu et al., 2015). Furthermore, HIF-1 activates PKM2 gene transcription (Zhang et al., 2008). In turn, PKM2 enhances HIF-1 binding to the hypoxia response element (HRE) and the recruitment of the p300 co-activator. This creates a positive feedback loop whereby PKM2 promotes HIF-1 transactivation (Luo et al., 2011; Tennant, 2011).

Besides promoting high glycolytic rate, HIF-1 activation also inhibits oxidative phosphorylation by up-regulating genes such as are pyruvate dehydrogenase kinase 1 (PDK1) and LDH-A (Kim et al., 2006; Papandreou et al., 2006) thus preventing pyruvate entrance into the TCA cycle (Papandreou et al., 2006). PDK1 inactivates pyruvate dehydrogenase (PDH) to inhibit the conversion of pyruvate into acetyl CoA (Kim et al., 2006). Making pyruvate available for conversion into lactate by LDH-A, as a result, the cancer cell produced a large amount of lactate (Papandreou et al., 2006). Lactate generated from LDH-A can exit cancer cells via the monocarboxylate transporters (MCTs) and cause acidification of the tumor microenvironment, thus facilitating cancer cell invasion. Furthermore, the HIF signaling pathway promotes fatty acid synthesis through activation of sterol regulatory-element binding protein (SREBP)-1 and up-regulation of fatty acid synthase (FASN) (Furuta et al., 2008). Overall, the HIF signaling pathway promotes glycolysis, fatty acid synthesis and angiogenesis which can be an attractive target for cancer therapy.

The c-Myc Oncogene and Glycolysis {#sec2-5}
---------------------------------

c-Myc is another transcription factor that has huge influences on glucose metabolism (Osthus et al., 2000). c-Myc interact with its partner c-Myc-associated protein X (Max) which binds to DNA consensus core sequence, CACGTG or E-box (Blackwood et al., 1992; Meichle et al., 1992). In normal cells, c-Myc is induced upon growth factor stimulation, and involved in many biological processes, including proliferation, cell cycle progression, cell growth, metabolism, angiogenesis, differentiation, cell adhesion, and mobility (Chen and Russo, 2012). Therefore over-expression of c-Myc provides huge metabolic advantages to a tumor cell and needs to be tightly controlled. In several tumors, proto-oncogene myc is aberrantly activated by gene amplification, single nucleotide polymorphisms, and chromosomal translocations (Prendergast and Ziff, 1992). c-Myc expression promotes energy production and anabolic processes, which are required for rapid proliferation, independent of growth factor stimulation (Gordan et al., 2007; Yeung et al., 2008). Like HIF, c-Myc also has huge influences on glucose metabolism by up-regulating gene expression of many glycolytic enzymes from glucose transporters through pyruvate kinase as well as lactate dehydrogenase A, thereby allowing efflux of glucose-derived carbon as lactate (Shim et al., 1997; Osthus et al., 2000). Both HIF and c-Myc coordinate to promote the expression of key glycolytic enzymes such as HK-II, PFK1, TPI1, LDH-A, among others, in tumors (Dang et al.,1997;Dang, 2007; DeBerardinis et al., 2008a; DeBerardinis et al., 2008b;Denko, 2008; Vander and Cantley, 2009). In fact, Myc and HIF-1α contain consensus sequences present in the gene promoter of most glycolytic enzymes. Unlike HIF-1α which is mainly functional in hypoxia, c-Myc is well known to promote its glycolytic target genes expression in normoxia (Li et al., 2005). Many glycolytic enzymes are highly expressed in several cancers driven by HIF and c-MYC such as hexokinase II, glyceraldehyde-3-phosphate dehydrogenase, enolase 1, pyruvate kinase, and lactate dehydrogenase (Altenberg and Greulich, 2004; Mathupala et al., 2006). It has been shown that c-Myc can interact with genes-encoding glycolytic enzymes such as HK II, enolase, and lactate dehydrogenase A (Kim and Dang, 2005). Lactate dehydrogenase converts pyruvate to lactate, a metabolic pathway that is very active in glycolytic cancer cells (Dang et al., 2009). Lactate dehydrogenase expression is directly induced by oncogenes such, as c-Myc (Dang et al., 2009) and indirectly by activation of HIF-1α (Papandreou et al., 2006).

c-Myc has been found to promote preferential expression of PK-M2 over PK-M1 by modulating exon splicing (Wong et al., 2013). c-Myc upregulates the expression of heterogeneous nuclear ribonucleoproteins (hnRNPs) that bind to exon 9 of the PKmRNA, which suppress translation of the PK-M1 isoform, thereby allow preferential inclusion of exon 10 (David et al., 2009). Thus, is responsible for the predominant production of PK-M2. c-Myc also promotes the production of NADPH in order to match the increased ATP production and to support the rapidly dividing cells. c-Myc can collaborate with HIF to provide metabolic advantages to tumor cells (Phan et al., 2014). Hence, many glycolytic enzymes are upregulated in tumors because of elevated c-Myc and HIF-1α transcriptional activity and insufficient p53-mediated control. Indeed, c-Myc and HIF-1α are well recognized as two master inducers of glycolysis through direct or indirect transactivation of cancer glycolytic genes (Phan et al., 2014). This coordination allows tumors to continuously drive glycolysis for supporting their rapid proliferation and accelerated biosynthesis (Dang, 1999; Dang 2007; DeBerardinis et al., 2008b; Dang et al., 2009). Moreover, c-Myc drives anabolic pathways by promoting glutaminolysis (Dang, 1999). Oncogenic levels of c-Myc causes glutamine addiction and cells undergo apoptosis when deprived of glutamine (Wise et al., 2008; Cairns et al., 2011). Myc stimulates glutamine metabolism both directly and indirectly. As a transcription factor, c-Myc directly binds the promoters and stimulates expression of glutamine metabolism genes, such as the transporter Slc1a5 (Yuneva et al., 2007).c-Myc also promotes glutaminase activity indirectly by repressing expression of miR-23a/b, which targets Gls1 (Gao et al., 2009). Thus, excess Myc expression promotes glycolysis and several anabolic processes such as ribosomes biogenesis, protein translation that are required for growth and development. Therefore targeting Myc either directly or indirectly in Myc-driven cancer shows the promising direction for minimizing cancer progression (Chen et al., 2018).

AMP-activated protein kinase(AMPK) {#sec2-6}
----------------------------------

External signals such as growth factors, hormonal signals, and availability of nutrients activate the PI3K pathway thereby promoting glucose transport, aerobic glycolysis, and anabolic synthesis of macromolecules (Luo et al., 2010). However, in the absence of an abundant supply of nutrients such as glucose, this pathway is ineffective and the cell must rely on other sources of ATP generation such as fatty acid oxidation (Buzzai et al., 2005). Energy (AMP/ATP ratio) status in the cell is sensed by AMP kinase. In case of energetic stress, such as that triggered by nutrient deprivation or hypoxia, AMP levels increases and in turn activates AMPK (Hawley et al., 2003). AMP kinase is a serine/threonine kinase consisting of two subunits, catalytic (α) and two regulatory subunits (β and γ) (Hardie, 2007). During period of energy stress (high AMP/ATP ratio) the AMPK become activated which in turn controlled by three upstream kinases, the tumor suppressor LKB1 (Hawley et al., 2003), calmodulin-dependent protein kinase kinase β (CamKKβ) (Hawley et al., 2005; Hurley et al., 2005) and transforming growth factor-β (TGF-β)-activated kinase-1 (TAK1)(Woods et al., 2005; Momcilovic et al., 2006). LKB, like p53 act as a tumor suppressor that is required for AMPK activation which suppresses anabolic processes under conditions of bioenergetic stress including glucose withdrawal (Hawley et al., 2003; Woods et al., 2003; Xie et al., 2006).

Once activated the AMPK inhibits mTORC1, a downstream element of the PI3K pathway thereby interfere with the rapidly dividing cell (Inoki et al. 2003; Gwinn et al., 2008). Consequently, AMPK suppress anabolic processes by blocking protein translation and fatty acid (FA) synthesis (Jones et al., 2005; Kuhajda, 2008; Shackelford and Shaw, 2009) and is responsible for shifting cell to an oxidative phosphorylation (Shaw et al., 2004; Jones et al., 2005; Kuhajda, 2008; Shackelford and Shaw, 2009). Given the role of AMPK mentioned above, it is clear that AMPK plays a major role in decreasing the growth of a rapidly diving cell. Therefore, a mutation in the components of the AMPK signaling pathway allows the tumor to divide under abnormal nutrient conditions (Shackelford and Shaw, 2009). Thus, a mutation in the tumor suppressor such as LKb1as in Peutz--Jeghers syndrome (Jenne, 1998) resulting in a decrease in AMPK signaling and loss of mTOR inhibition (Shackelford and Shaw, 2009). LKb1 is also frequently mutated in sporadic cases of non-small-cell lung cancer (Ji, 2007) and cervical carcinoma (Wingo, 2009). Thus abnormalities in the AMPK signaling allow the activation of mTOR and HIF1, which indirectly support the Warburg effect and promote tumor progression.

p53 {#sec2-7}
---

The p53 transcription factor serves as a master regulator and defenders, either directly or indirectly during cellular stress such as DNA damage or any other events that can compromise the genome stability and promote tumorigenesis. p53 is involved in many biological processes including DNA repair, cell-cycle arrest, and apoptosis (Vousden and Ryan, 2009) and has been considered as the protector of the genome. In an unstressed cell, wild-type p53 is associated with an E3 ubiquitin ligase enzyme MDM2 that target p53 for degradation thus maintained the basal expression of p53 (Marine et al., 2006). In response to DNA damage or oncogenic stress, wild-type p53 undergo post-translational modification such as phosphorylation, which prevents its association with MDM2, thus leading to its stabilization (Kruse et al., 2010; Wade et al., 2010). P53 induce cell cycle arrest allowing DNA to repair in order to maintain the genome stability and cell survival (Kim et al., 2009; Guo et al., 2015). If the damage is unrepairable, p53 induced cell death through the expression of apoptotic proteins such as PUMA, NOXA or BAX (Villunger et al., 2003; Chipuk et al., 2004), thus preventing cellular transformation and tumor development. Besides its involvement in DNA damage, repairs and apoptosis, p53 also play major roles in metabolism by decreasing the glycolytic rate (Vousden and Ryan, 2009). p53 has a negative impact on the Warburg effect by suppressing glucose consumption and modulating glycolysis at multiple levels (Tran et al., 2016). Glucose enters the cell via transporters (Medina and Owen, 2002). Among transporters, GLUT1 and GLUT3 have a high affinity for glucose and are expressed in most mammalian cells (Medina and Owen, 2002). The GLUT3 expression is stimulated by the IKK/nuclear factor-κB pathway, p53 inhibit this pathway and indirectly reduces GLUT3 expression (Kawauchi et al., 2008). Besides GLUT3, GLUT1 and GLUT4 (insulin-regulated glucose transporter) expression are also suppressed by p53 (Schwartzenberg-Bar-Yoseph et al., 2004). Similarly, wild type p53 also repressed the expression of hexokinase 2 (HK-II) by interacting with the promoter genes coding for HK-II, which control the production of glucose-6-phosphate (G6P) (Mathupala et al., 1997). Thus p53 indirectly control the level of glucose-6-phosphate (G6P) through glucose transporters and HK, which is a central metabolite that is directed into glycolysis, glycogen synthesis and the pentose phosphate pathway (PPP).

Phosphofructokinase 1 (PFK1) an enzyme which catalyzed the rate limiting steps in glycolysis converts fructose 6-phosphate to fructose 1,6-bisphosphate, is the most important enzyme controlling the glycolytic flux, PFK1 is inhibited by ATP and citrate and activated by AMP (Alfarouk et al., 2014). Fructose 2,6-bisphosphate is another important activator of PFK1, whose levels is in turn controlled by the bi-functional enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2/FBPase) (Alfarouket al., 2014). In response to DNA damage, p53 indirectly reduced the level of fructose 2,6-bisphosphate by increasing the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR), which exhibits sequence similarity to the bisphosphatase2 domain of PFK2/FBPase and is able to reduce the glycolytic flux (Bensaad et al., 2006) diverting glucose-6-phosphate to the pentose phosphate pathway. Pentose phosphate pathway activation increases the levels of NADPH, which increases the levels of reduced glutathione to scavenge ROS (Bensaad et al., 2006). Therefore, in a cell harboring normal TIGAR, ROS level declined (Bensaad et al., 2006). Tumor cell with mutated p53 and loss of TIGAR expression causes increased glycolysis at the expense of the pentose phosphate pathway, as well as increased ROS production (Bensaad et al., 2006). TIGAR can also be expressed independently of p53, which occurs in a number of tumor cells, and it plays a role in tumorigenesis (Cheung et al., 2013). p53 also reduce the levels of phosphoglycerate mutase (PGM) which catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate (Kondoh et al., 2005). Downregulation of PGM by p53, 3PG accumulates, which in turn inhibit 6-phosphogluconate dehydrogenase (6PGD), the second NADPH producing enzyme of the PPP (Hitosugi et al., 2012). However overexpression of PGM in p53-deficient cells leads to overproduction of 2PG, which is in turn allosterically activate phosphoglycerate dehydrogenase (PHGDH), the first enzyme of the serine biosynthesis pathway, thus promoting serine biosynthesis (Hitosugi et al., 2012). Furthermore, serine promote the expression of PKM2, which has low affinity toward pyruvate as compared to PKM1, this results in accumulation of glycolytic intermediates that can be used for serine biosynthesis (Chaneton et al., 2012; Ye et al., 2012) and in the PPP pathway (Anastasiou et al., 2011). Thus serine availability plays a crucial role in tumor metabolism.

Besides its involvement in the cytosol, p53 also plays a major role in the mitochondria by increasing the synthesis of cytochrome c oxidase 2 genes, which is required for the assembly of the cytochrome oxidase complex (COX) of the electron transport chain, thereby enhanced oxidative phosphorylation (Matoba et al., 2006). Loss of p53 leads to loss of cytochrome c oxidase expression and improper COX assembly which in turn reduced the oxidative phosphorylation thus forcing cells to depend on glycolysis for energy production (Matoba et al., 2006). Furthermore wild-type p53 represses pyruvate dehydrogenase kinase-2 (PDK2), which phosphorylates and inhibits the pyruvate dehydrogenase (PDH) activity (Contractor et al., 2012) thereby promoting the conversion of pyruvate to acetyl CoA for entry in the TCA cycle. Thus, overall wild-type p53 favors mitochondrial respiration for energy production over aerobic glycolysis (the Warburg Effect) exhibited by many cancer cells. Wild-type p53 also repress the expression of the Lactate/proton symporter monocarboxylate transporter 1 (MCT1) (Boidot et al., 2012). Therefore in a p53-deficient cell, the PDH activity is repressed and the majority of pyruvate is converted to lactate via LDH (Warburg effect). Lactate/proton is then transported via a symporter MCT1 that contribute to the acidity of the tumor microenvironment, which is one of the strategies that tumor cell avoid immune responses (Susana et al., 2016).

Furthermore, wild-type p53 promotes the expression of phosphate and tensin homolog deleted on chromosome 10 (PTEN), which inhibits the phosphatidylinositol-3-kinase (PI3K) pathway and in turn lower the expression of its downstream elements that drives glycolysis ([Figure 2](#F2){ref-type="fig"}) (Cairns et al., 2011). Several mutations resulting in loss of PTEN function occurs in human cancers through various genetic alterations including point mutations, large chromosomal deletions and epigenetic mechanisms such as hypermethylation of the PTEN promoter region (Mutter, 2001; Sansal and Sellers, 2004; Chow and Baker, 2006). In addition, PTEN could be inactivated by other non-structural alterations which compromise the protein's integrity (Chalhoub and Baker, 2009; Zhang and Yu, 2010; Song et al., 2012).

Glutaminase-2 (GLS-2) enzyme catalyzes the hydrolysis of glutamine to glutamate is another p53 target gene that encodes a mitochondrial GLS (Hu et al., 2010). Glutamate can be further deaminated to form α-KG, which can enter the TCA cycle for energy metabolism ([Figure 2](#F2){ref-type="fig"}). Glutamate also preserves total reduced glutathione after oxidative stress (Suzuki et al., 2010). However, mutation or suppression of p53, a frequent occurrence in cancer, results in the loss of control of its metabolic regulation (Johnson and Perkins, 2012). Another oncogene, K-ras, has been found to be frequently mutated in some type of cancer (Normanno et al., 2009). Mutated K-ras upregulate glucose transporter protein 1 (GLUT1) expression leading to an increase in aerobic glycolysis by cancer cells ([Figure 2](#F2){ref-type="fig"}) (Annibaldi and Widmann, 2011). Interestingly, in a cell harboring mutated K-ras, the integrity of mitochondrial functions and oxidative phosphorylation still remain intact, which provide an advantage to the K-ras mutant cells during glucose deprivation (Annibaldi and Widmann, 2011).

Therefore, inactivation of p53 provides huge advantages to tumor cells and their progression. Recently, it has been found that with approximately 50% of all human cancers harboring either a mutation or deletion in the TP53 encoding gene (Lee et al., 2010) and another scenario where p53 not only lose its tumor suppressive function but gain a new oncogenic function that is independent of wild-type p53, designated as mutp53 (Zhang et al., 2013). In mutp53 the structural integrity is compromised, thus reducing its ability to bind to the promoter of target genes (Wong et al., 1999). Furthermore, an E3 ubiquitin ligase MDM2 protein cannot target mutp53 for degradation leading to its stabilization (Kubbutat et al., 1997) and can exert additional promoting functions (Muller et al., 2013). Hence, cancer cells with mutant p53 promote glycolysis in several ways, including expression of GLUT (GLUT 1, GLUT4 and GLUT3) (Zhang et al., 2013), which causes the cancer cell to consume more glucose as compared to the normal cell, the so-called 'glucose addiction'. Low energy in the cell is sensed by AMPK, which in turn decrease the anabolic activities in the cell. However expression of mutp53, inhibit AMPK activation, allowing cancer cells to proliferate even under energy stress (Zhou et al., 2014). Unlike wild-type p53, mutp53 is a potent activator of the c-Myc promoter which regulates its expression in cancer cells (Frazier et al., 1998). Therefore, in p53- deficient cell or cell harboring mutp53, HIF and cMyc promotes the expression of several glycolytic enzymes (HK-II, PFK1, PGM) (Dang et al., 1997; Dang, 2007; DeBerardinis et al., 2008a; DeBerardinis et al., 2008b; Denko, 2008; Vander and Cantley, 2009) HK-II increases the production G-6P in the cytosol, which is a central metabolite for anabolic process (PPP) and catabolic process (glycolysis) for energy production. HK-II also promotes cancer cell survival by reducing the production of cytochrome c oxidase 2 to trigger apoptosis (Pastorino et al., 2002). Overexpression of PFK1 and PGM drives cancer glycolysis not only for energy production but also provides metabolites for the anabolic process. Besides energy, rapidly dividing cells also required raw materials for their growth and development. PPP play a major role in providing raw materials such as ribose phosphate and NADPH, which is frequently altered in many tumors (Deberardinis et al., 2008; Riganti et al., 2012). Wild-type p53 directly control the activity of the PPP by interacting with the rate-limiting enzyme G6PD, which prevent its active dimer formation, leading to a decrease in enzyme activity (Jiang et al., 2011). Thus, in a cell harboring mutp53, the activity of G-6PD, a major PPP enzyme, increases in proliferating cancer cells (Jones et al., 1992). PPP not only provide ribose-phosphate for NT biosynthesis but also NADPH that protects cancer cell from oxidative stress and facilitating DNA damage repair (Riganti et al., 2012). Furthermore, mutp53 also promotes activation of AKT and HIF, which are effectors downstream of PI3K ([Figure 2](#F2){ref-type="fig"}). Thus, the interaction among p53, c-Myc, and HIF-1α has a decisive impact on the status of cancer glycolysis. Therefore, activation of oncogenes and loss of tumor suppressors are believed to underlie the metabolic switch in cancer cells (Warburg effect) which in turn drives cancer progression.

In conclusion, this review highlights the cumulative findings of the roles of oncogenes and tumor suppressors in cancer, glucose metabolism and their contribution to the Warburg Effect as summarized in [Figure 2](#F2){ref-type="fig"} and provides a potential direction towards the possible path to control cancer progression. Alteration of metabolic pathways has been considered as one of the hallmarks of cancer. Cancer being a complicated disease with multiples abnormalities, have one thing in common i.e. they need glucose for energy production as well as for biosynthesis of cell's raw material such as lipids, proteins, nucleotides and anti-oxidant glutathione which are required by rapidly diving cells. Therefore, starving cancer cells by exploiting their energy production pathways is clearly a very promising direction. It is becoming clear that metabolic reprogramming is induced by HIF-1, c-Myc, p53, mTOR, PK-M2, IDH, and other molecules that act both independently and in concert with each other as mentioned previously. Increase glycolytic rate in cancer cells is under the master command of the transcription factor HIF-1α which, in collaboration with other oncogenic signaling pathways including c-Myc, AMPK, and mTOR, promotes the expression of most glycolytic enzymes and transporters. Therefore, targeting their activities has a potential to reduce cancer's progression. Many compounds have been developed that interfere with the metabolic pathway by inhibiting metabolic enzymes that are important for tumors (Porporato et al., 2011). However, normal cells also have the same metabolic requirements as a cancer cell, therefore one of the most effective anti-cancer metabolism strategies is by selectively and effectively inhibits metabolic enzymes that are mostly expressed or used in tumor cells, and without harming the normal cells. This therapeutic strategy by targeting proteins that are highly active or over-expressed in cancer would minimize the effect of anti-cancer drugs in the normal cell.

Many proteins involved in glycolysis are overexpressed in cancer cell but not all can be safely targeting without harming the normal cell. HKII has been well known as a facilitator of cancer glycolysis and as a repressor of apoptosis in several types of cancer (Pastorino et al., 2002). High expression of HK2 isoform in cancer cells is induced by several mechanisms, whereas its expression in most mammalian tissues is low (Hay, 2016). Therefore, overexpression of HKII isoform over HKI in some type of cancer provides a window to target HKII without harming normal cell that expressed other isoforms. Since HKII is specifically required by a cancer cell, therefore inhibiting HKII forces other HK isoforms re-expression which can interfere with cancer progression. Beside 2-DG and lonidamine, many efforts have thus been made to identify specific inhibitors (Floridi et al., 1981). The current leading compound is 3-bromopyruvate (3BP), an HK inhibitor which is shown to be toxic to the cancer cell (Ko et al., 2004; Mathupala et al., 2009). Another target is PFKFB3 which is highly expressed in cancer under the influence of HIF-1, c-Myc, ras, src (Minchenko et al., 2003). PFKFB3 stimulate the expression of Fructose-2,6-bisphosphate (F-2,6-BP), an important driver of glycolysis. Therefore, inhibition of PFKFB3 reduces the glycolytic rate which can slow down cancer progression. 3PO (3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one) is the only inhibitor of PFKFB3 identified so far (Clem et al., 2008). Preferential expression of PKM2 over PKM1 in most cancer can be therapeutically beneficial. Inhibitions of PKM2 forces the expression of PKM1 which is less active as compared to PKM2 may help divert glucose metabolites for oxidative phosphorylation in cancer cells. Peptide aptamers that promote the expression of PKM1 over PKM2 have been shown to cause energy stress and cell death (Spoden et al., 2008). DCA is another compound which has been known to inhibit PDK1 (Whitehouse and Ran, 1973) whose expression is under the influence of HIF- 1 (Kim et al., 2006). PDK1 prevent the entry of pyruvate into the TCA cycle by inhibiting PDH. Thus, inhibition of PDK1 leads to PDH activation, allowing pyruvate entry in the TCA cycle and decreased lactate production. Because lactate is exported out of the cell, blocking its production or transportation can also be beneficial in antagonizing the Warburg effect. With every lactate formed there is a rise in H+ concentration, and since lactate/proton is transported via a symporter MCT. Blocking lactate transfer decrease the pH inside the cancer cell and since PFK 1 (a major regulatory enzyme in glycolysis) is a pH-sensitive enzyme, therefore, as pH decreases, the activity of PFK1 decreases and in turn reduce the glycolytic rate (Berg et al., 2002). In fact, inhibiting MCT1/MCT2by inhibitors induce cell starvation and subsequent apoptosis (Sonveaux et al., 2008).

Another important strategy to safely target tumor cell without harming normal cell is by restoring p53 function. Since p53 is involved in a wide range of metabolic activities as previously discussed, restoring its function should provide a major therapeutic benefit. One strategy is by restoring wild-type p53 that have lost its expression due to an increases expression or amplification of MDM2 protein. One such compound is Nutlin (RG7112), which interfere with the p53 binding domain of the MDM2 protein, leading to stabilization of the p53 protein (Vassilev et al., 2004). Another strategy is to restore the structural integrity of mutant p53 by a compound that acts as a chaperone (Bykov et al., 2002). PRIMA-1MET (APR-246) acts as such a compound and has been shown to inhibit tumor harboring mutant p53 (Zache et al, 2008). Despite the success of targeting enzyme involved in glucose metabolism, cancer cells may bypass certain inhibitions mediated by therapeutic agents because of their metabolic plasticity and heterogeneity (Dang, 1999, 2007; Yeung et al., 2008; Hanahan and Weinberg, 2011; Dang, 2012; Hu et al., 2013) to rewire their metabolic pathway in order to ensure their own survival. Therefore, a better understanding of how cancer rewires their metabolism is needed for effective therapy development. Although there is still much to study and discover about the role of oncogenes and tumor suppressors in cancer metabolism, a recent discovery has unveiled exciting therapeutic windows to target cancer metabolism and bioenergetics. Thus, exploiting their energy production pathway for cancer treatment is clearly a promising proposition.
